[1] An explanation for the morphology and evolution of the ring current in Saturn's magnetosphere is provided. We use global Energetic Neutral Atom (ENA) images of the 20-140 keV proton distribution obtained by the Ion and Neutral Camera (INCA) on board the Cassini spacecraft. A case where the ring current displays an exceptionally clear spiral shape is analyzed and by using a simple model of rotational velocities and curvature-gradient drifts we reproduce the observed spiral patterns and dispersions. The spiral evolve from an initial large-scale injection around midnight consistent with INCA observations. The drift patterns of the inner magnetosphere have to be relatively undisturbed in order for a clear spiral to evolve. Clear spiral patterns like this do not always occur, which reminds us that the inner magnetosphere of Saturn is indeed very dynamic.
Introduction
[2] Global observations of Saturn's ring current population reveal, just like at Earth, a highly dynamic, asymmetric and variable ring current ion distribution. By detecting the direction, species and energies of energetic neutral atoms (ENAs), the INCA camera [Krimigis et al., 2004] on board Cassini is able to form global images of the energetic (20 -200 keV) proton and O + distribution in Saturn's magnetosphere. ENAs are produced from charge exchange between the singly charged energetic ions and Saturn's neutral gas distribution. ENA imaging has also been used extensively to diagnose the global dynamics and morphology of the terrestrial ring current .
[3] INCA observes large-scale energetic ion distributions that appear on the night side of magnetosphere [Mitchell et al., 2005; Carbary et al., 2008a] by some energization mechanism that is not yet well understood. The ion distributions then drift around Saturn subject to corotation and curvature-gradient drift. On average the distributions form a ring of plasma pressure around Saturn Sergis et al., 2007] whose pressure gradients drive an electrical current, hence the name ring current.
[4] In this paper we report INCA observations of a spiralshaped ion distribution with associated energy dispersions. A model of drifts is used to demonstrate that the observed global features are consistent with curvature-gradient drift in a lagged corotation electric field. We further argue that the magnetosphere during this particular observation was relatively stable and quiet.
Observations
[5] INCA detects H and O ENAs in the 10 -220 keV range with a field-of-view (FOV) of 90°Â 120°with about 3.5°angular resolution. A dynamic and asymmetric ring current distribution is routinely observed by INCA. It originates from particle energization (''injections'') preferentially on the nightside Carbary et al., 2008a] . There are signatures indicating that the energization is caused by rapid magnetic field reconfigurations [Hill et al., 2008] , which appear similar to the ring current energization mechanism at Earth [Fok et al., 2006] .
[6] Figure 1 shows INCA images of the evolution of the proton ring current in the 50-80 keV range from 22:02 UTC 5 April to 09:02 UTC on 6 April. Since the plasma speed falls short of rigid corotation with increasing planetary distance [Kane et al., 2008; Richardson and Sittler, 1990; Saur et al., 2004] , the injected distributions evolve in to a spiral over time. The images were obtained during 60 min integrations from the pre-midnight sector at about 50°l atitude. The X,Y and Z axes are in the SZS system in which X points toward the Sun and the Z axis is parallel to the rotation axis of Saturn. Three concentric circles are shown and represent the F-ring (innermost circle), orbit of Rhea (8.7 R S ), and orbit of Titan (20.3 R S ). The observation lasted throughout 6 April until spacecraft reorientation caused INCA to look away from the ring current region. At that time the ion distributions had rotated about three times around Saturn since the start of the observation window.
[7] Although not shown here, the intensity both increases and decreases at seemingly random local times, which we believe is indicative of additional processes acting on the ions, such as perhaps interchange with the cold plasma [Hill et al., 2005] or compressional energization [Lee et al., 2007] . However, the most outstanding intensifications are the ''re-energization'' of the ring current distribution each time it passes through the midnight sector Carbary et al., 2008a] after which it charge-exchange decays on subsequent rotation. For this time period, a largescale injection occurred on the nightside around 19:00 on 5 April UTC (the exact time is hard to pin-point due to unfavorable viewing geometry at that time) producing the relatively localized ring current distribution at 22:00 UTC as shown in Figure 1a , which later evolved into the extended spiral. Other, smaller re-energization events take place during each rotation without distorting the existing spiral shape much.
[8] Figure 2a shows the observed spatial dispersion at three different energies. The format of the images is the same as for Figure 1 . For the lowest shown energy channel (20 -30 keV) the spiral extends over a large azimuthal range and its leading edge is close to noon (positive X-axis). For the higher energies it is clear that the leading edge is progressively at later local times (afternoon sector for 50-80 keV and closer to the evening sector for 80-140 keV). This is consistent with the fact that the gradient and curvature drift speed increases with energy. Also note that the azimuthal extent of the spiral appears to be less for higher energies. For the lowest energy channels the trailing edge of the spiral arm lies outside the FOV of INCA (see sharp edge on the right in the simulated image), which makes it hard to judge the exact azimuthal extent at this energy. The so-called Compton-Getting (CG) effect [Forman, 1970; Paranicas et al., 2005] increases the apparent intensity on the left-hand of the ENA image. The CG effect is accounted for in the ENA image simulations below, and is not corrected for in the observed images.
Model
[9] The rapid rotation of Saturn and the generally weaker solar wind conditions at Saturn result in a large region ($20 R S ) where the drift due to the corotation electric field dominates the transport of ions even up to 100's of keV. For example, at 10 R S the gradient drift velocity is about 30% of the observed cold-plasma flow velocity. In order to make a simple model of the transport of ions in Saturn's magnetosphere we assume a dipole magnetic field and circular drift shells. This makes it simple in that we can neglect any energization due to cross field drifts. We emphasize that our intent here is to qualitatively demonstrate that basic drift physics is responsible for the spiral patterns observed. There are a few effects our assumptions have on the results that we must keep in mind. First, highly stretched field configurations are found at distances beyond about 16 R S ; quasidipolar configurations are found below this distance and field gradients are usually weaker than those of a pure dipole [Arridge et al., 2008] . Therefore our dipole assumption underestimates the curvature drift beyond about 16 R S and overestimates the gradient drift below that distance (it is difficult to judge what happens with gradients beyond 16 R S ). The gradient drift angular speed is proportional to L and thus acts to make retrograde spirals. Therefore, in reality, the weaker gradients would make the spiral shapes more extended, perhaps to the point where they would become rings after fewer revolutions than we are able to reproduce here. Second, observations have shown that drift shells are not precisely circular. Carbary et al. [2008b] discovered radial velocities in the ENA images of the centroid of injected ion distributions of a couple of R S /h, with a slight trend of outward velocities around local morning and inward around local dusk. They also discovered that the azimuthal velocities of the centroids have a slight local time dependence. If these motions are indeed representative for all events, such a motion would be already in our observations presented here.
[10] As has been pointed out by several authors, the azimuthal velocity of cold plasma in Saturn's magnetosphere lags rigid corotation [Richardson and Sittler, 1990; Saur et al., 2004] . We use the following functional form of the azimuthal flow velocity, also recently used by Mauk et al. [2005] .
[11] Here v f is the azimuthal flow velocity of zero energy particles, v rigid is the rigid corotation velocity, and L is the dipole L-shell. f r , L 0 , and n are the free parameters determining the shape of the function. The rotational profile is shown for three sets of parameters in Figure 3 covering approximately the range of observed plasma flow velocities. The gray diamonds represent the results from the Plasma Science (PLS) Experiment [Richardson, 1998 ] and the blue squares were obtained through analysis of the flow anisotropies for 10-220 keV protons measured in-situ by INCA in ion mode [Kane et al., 2008] .
[12] Following Mauk et al. [2005] , the curvature and gradient drift velocity for equatorially mirroring, singly charged particles can be written
where E keV is the particle energy in keV, k = 3.9410
À8
, and m 0 the particle rest mass.
[13] Next we assume an initial distribution of ions that we later are going to propagate using the total velocity of equations (1) and (2) just described. Typical ENA observations reveal that large scale injections occur in the nightside magnetosphere (with a preference for the post-midnight sector) and extend from the orbit of Rhea out beyond the orbit of Titan Carbary et al., 2008a] . The inset of Figure 2c shows the initial ion distribution at t = 0 around midnight constructed by using a simple parametric model.
[14] The ion distributions were then propagated for each energy band, as shown in the three panels of Figure 2c . We used the most severely lagged rotational curve (bold, bottom red line of Figure 3 ) in order to match the observed pattern for all three energies. The age of the distribution required to reproduce the images in Figure 2a was found to be about 16h30min from the time of dispersionless injection at midnight. In other words, by back-tracking the dispersed distribution observed at 09:00 UTC we predict that it was injected into the night side magnetosphere at about 16:30 UTC on 5 April. The observations suggest that the injection took place around 19:00 UTC 5 April, which we consider a good agreement considering our rather simple model.
[15] In order to quantitatively compare the propagated model ion distributions with the observed ENA images we simulate what the ENA images would look like. This is done by computing the differential ENA intensity as the integral along each line-of-sight (LOS) of each image pixel, over the differential ion intensity of the model (mapped along dipole field lines to the appropriate LOS element) and neutral gas density. The proton pitch-angle distribution is assumed to be isotropic and the neutral gas distribution of H, O, OH, H 2 O is taken from the Richardson [1998] model. The resulting image is then convolved with the point-spread function (PSF) of the INCA imager. Figure 2b shows the resulting simulated ENA images for each energy band.
Discussion
[16] Figure 2 shows that the spatial dispersion over energy of the leading edge of the spiral is well reproduced by the simulations and is due to the fact that the curvature and gradient drift is faster for higher energies. Note also that the simulations reproduce the decrease in azimuthal extent of the spirals with increasing energy. This is due to the fact that the curvature and gradient drift increases with increasing L-shell, more than the rotational velocity does. It is therefore possible for retrograde spirals to form at high energies, or if the rotational profile is closer to rigid corotation (thin red curves of Figure 3) , which may occur when the magnetosphere is compressed. Other global and in-situ measurements have suggested the formation of such retrograde spirals, but this is a topic of a future paper.
[17] We believe that the state of the magnetosphere during these observations was relatively quiet in terms of no additional electric fields (such as inductive electric fields) disrupting the drift so that clean spirals could form. Also, the required choice of the most severely lagged rotation curve may be a strong indication that the magnetosphere had been quiet and non-compressed for a significant time after the initial injection. Radial mass outflow in a non-compressed magnetosphere would then have had time to establish a more lagged rotation through the conservation of angular momentum [Saur et al., 2004] .
[18] Spiral structures have also been observed in the electron distributions [Carbary et al., 2007] and order themselves in the SKR longitude system. Future studies will address how the ones reported in this paper relate to these electron spirals.
[19] In comparison, the terrestrial ring current is also highly asymmetric during storm main phase, but quickly becomes symmetric during the recovery phase of a storm [Brandt et al., 2008] . Spiral structures in the terrestrial ring current do not form, since the curvature-gradient drifts dominate the ring current ions and not corotation. However, the terrestrial plasmasphere is indeed dominated by corotation and shows spiral-like structures [Goldstein et al., 2005] .
These are formed by convectional and ionosphere electric fields interrupting the corotation flow.
Conclusions
[20] We have used global Cassini/INCA observations of protons in the 20-140 keV range and a simple drift model of equatorially mirroring protons to reproduce the observed ring current evolution. Curvature-gradient drift and measured rotational velocity profiles explain the energy dispersion and evolution of the ring current ion distribution into a spiral.
[21] Clear spiral patterns as the ones shown here do not always form, which implies that the flow patterns of the inner magnetosphere were relatively stable during this event. Furthermore, it also reminds us that the flows of Saturn's inner magnetosphere are very dynamic, frequently being disturbed by other large-scale processes such as inductive electric fields and magnetospheric compressions. Although the observations discussed here display prograde spirals, we note that the variation of the observed rotational velocities allow for retrograde spirals to form at high energies.
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